Abstract. In this paper, we investigated the role of the disulfide bridge in the structural stability of wild-type human neuroglobin. The classical simulation of the neuroglobin without the disulfide bridge was performed for a long simulation run of 240 ns using a new parameter set of Gromos96 force field and the latest data entry as the initial topologies. We used the analyzed data of original neuroglobin with the remained disulfide bridge to compare to the ones from this simulation. Our results showed that, the structure of neuroglobin was still very stable although the disulfide bridge was absent. There was only a few residues in B and C helices having a higher mobility. The most interesting result we obtained was that the increasing distance between the distal histidine and heme group could allow oxygen to bind more easily.
I. INTRODUCTION
In the past decade, a new member of globin family, neuroglobin (Ngb) has been discovered in the brain of vertebrates [1] . Ngb is not only expressed in the nervous system of vertebrates [1] [2] [3] [4] , but in retina, and other nerve tissues as well [5] . Ngb is composed of a single polypeptide of 151 amino acids and a heme prosthetic group which is able to bind to various gaseous ligands (O 2 , NO or CO) at the central heme iron [6] [7] [8] [9] [10] . Similar to other members of globin family [11] [12] [13] [14] , neuroglobin conserves two key histidine residues: a distal histidine His64(E7) and a proximal histidine His96(F8). In the absence of an external ligand, both histidines bind to the heme iron for the ferric (Fe 3+ ) and the ferrous (Fe 2+ ) forms of Ngb. The histidine His96 is in a hexacoordinated iron because it is near to the coordination sphere of the heme iron atom. Therefore, any external ligand can also compete with the opposite histidine which is His64 (the sixth ligand in helix notation) for the binding of ferrous.
In the structure of neuroglobin, there is an existence of an intramolecular disulfide bridge (S-S bond) in the C-D region involving two cysteine residues Cys46 (C7) and Cys55 (D5). The disulfide bridge which is an interesting feature of Ngb plays an important role in regulating the activity and stability of protein. The experimental studies have shown the increase in CO rebinding rate and O 2 affinity [15] [16] [17] [18] .
It is well known that the structures of protein should give very important information about its roles and functions in the cell. From those, we can formulate the hypotheses about the functions of particular amino acid of protein. In addition, the experimental results showed that the orientation of the E-helix had been shifted in neuroglobin without the disulfide bridge [19] . Breaking the disulfide bond causes the decrease in affinity and release of O 2 . This bond could be removed by slowly adding of dithiothreitol (DDT) for about 30 minutes at 37 • C. Depending on the concentration of oxygen, the free cysteines would be oxidized into an intramolecular disulfide bond which consequently increases the O 2 affinity and O 2 storage simultaneously with increasing the concentration. In this study, we performed the classical simulations in order to investigate the dynamical structures of wild-type human neuroglobin with and without S-S bond. The initial topology of these proteins are generated by the latest data entry. We also used a new parameter set of Gromos96 force field.
The paper is organized as follows. Section II is devoted to the descriptions of protein preparation and the molecular dynamics (MD) simulations. Results are shown and discussed in Section III. Conclusions are given in Section IV.
II. MATERIALS AND METHODS

II.1. Protein data entry
In the past few years, a new data entry of wild-type human neuroglobin without any residue mutations is solved by using X-ray diffraction at a resolution of 1.74Å [20] . This data file (PDB entry 4MPM) can be downloaded from the Protein Data Bank. For our simulations, we only used the B-chain because of fewer missing residues at the ends of sequence (MET1, GLY150 and GLU151). The missed residues were manually added by using Swiss-PdbViewer program [21] . For more convenience, in this paper we use the notations Ngb-WSS and Ngb-NSS for wild-type human neuroglobin with and without S-S bond, respectively. Figure 1 visualizes the 3D structure of wild-type human Ngb using original PDB data (4MPM.pdb). Many thanks are due to an excellent molecular visualization program VMD for displaying biomolecular systems using 3D graphics [22] .
II.2. Simulation Method
The molecular dynamics simulations have been performed with the help of Gromacs v5.1.0 computer program [23] . The initial configurations of Ngb were generated by pdb2gmx script including the latest parameter set 54a7 of Gromos96 force field [24] . Note that, we must choose "-noss" option in this program for removing S-S bond from topological configuration of Ngb-NSS.
The simulations were carried out at constant temperature of 300 K with the initial velocity of atoms taken randomly from a Maxwellian distribution. The short-range electrostatic and van der Waals cutoffs were 1.4 nm. For the calculation of the long-range interactions, we used the particle mesh Ewald method with a grid spacing of 0.16nm. We used fourth-order cubic interpolation in order to compute the potentials and forces between grid points. The periodic boundary condition was used.
We placed each protein at center of a cubic box with SPC/E water model [25] . The distance to the edge of the box was chosen at least 1.2 nm. We first performed a short MD simulation for the vacuo minimization. In this process, the maximum number of steps was 50,000 with energy step size equals to 0.01. Next, the protein solvated with explicit single-point charge water molecules and therefore the total number of atoms was about 40,000. In order to neutralize the net charge of our systems, we added 5 positive ions replacing water molecules with Na + . The solvent was relaxed through a process called energy minimization followed by 500ps of MD runs to ensure that the system had no steric clashes or inappropriate geometry.
The equilibration was performed in an attempt to relax the solvent and ions while keeping the protein atom positions restrained. These steps were conducted under the two ensembles: an NV T (constant Number of particles, Volume, and Temperature) and an NPT (constant Number of atoms, Pressure, and Temperature). The first simulation brought the system to the target temperature of 300K. The second one was needed to allow the system to found the correct density. Note that, the total MD simulation time was 400ps for each equilibration procedure.
Finally, we run production MD simulations for data collection by 240 ns at room temperature (300K). All the simulations were performed on the CPU (Intel Core i7: 6 cores, 12 threads) for parallel computing with OpenMP.
III. SIMULATION RESULTS
In this section, we show the analyzed results for our system. The MD simulation data of Ngb with the disulfide bridge (Ngb-WSS) are used as the structural reference for comparison. From this stage, we use the notations "wss" and "nss" for wild-type neuroglobin with and without S-S bond. We also use the conventional symbols in the plots for a distinction between two proteins, namely star/circle points. In our calculations, the distance between two atom groups (residue or heme group) is actually the distance between their centers of mass.
Using the trajectory data obtained from MD simulation, we first analyze the root mean square deviation (RMSD) of atomic positions which is the measurement of average distance between the atoms of proteins. The RMSD is a common way to compare the structures of biomolecules, it is defined by
where the sum is taken over all the atoms of protein, M = ∑ N i=1 m i with m i being the mass of atom i. r i (t) and r i (0) are the positions of atom i at time frame t and 0. The initial structure at time t = 0 is chosen as a reference.
We show in Fig. 2 the changes in RMSD of C-alpha atoms for the structures of Ngb with and without S-S bond. During the first stage of simulation about 100 ns, the RMSD changes greatly with time. Then, it is reasonably stable around 0.27 nm and 0.35 nm for Ngb-NSS (circle points) and Ngb-WSS (star points). Note that, the changes on the order of 1-4Å are well acceptable for small proteins. So, this result indicates the structure of Ngb-WSS/NSS is very stable after ∼ 100ns (the second stage of simulation). Next, we investigate the changes in the dynamical properties of heme group when Cys46 and Cys55 residues are unbounded. It is well known that both histidines bind to the heme iron for Fe 3+ and Fe 2+ forms. Although the distal histidine (His64) appears fixed in the crystal structure, but it can swing out of the heme group to allow oxygen to bind to the iron. Ngb-NSS Ngb-WSS Fig. 4 . The distance histograms of pair His96/heme residues (a) and of pair His64/heme residues (b), for Ngb-WSS (star points) and Ngb-NSS (circle points).
As observed in Fig. 4 , the peaks of the distance histograms are located around 0.446 nm (star points) and 0.434 nm (circle points) for the pair His96/heme; at 0.466 nm (star points) and at 0.485 nm (circle points) for the pair His64/heme. Those indicate that the heme group of Ngb-NSS drifted toward the proximal histidine His96. Besides, there is a rather difference of the distances between two histidine residues, the one of Ngb-NSS is larger. Therefore, the distance from the heme group to distal histidine of Ngb-NSS is larger than that of Ngb-WSS. We consider another quantity called the atomic root mean square fluctuation (RMSF, i.e. standard deviation) which is the simplest and most used property for comparing the dynamics proteins. It is also a measure of the average atomic mobility. The RMSF of atomic positions in the trajectory can be written in the form
in whichr r r i is the average position of atom i, the sum is taken over all the simulation time steps. The RMSF of backbones for Ngb-WSS and Ngb-NSS are shown in Fig. 5 . In the case of Ngb without S-S bond, we find two peaks of RMSF around the residues Leu21 and Cys46 with highest amplitude fluctuations. As seen in this plot, the B and C helices fluctuated the most during the simulation.
IV. CONCLUSIONS
We have shown in this paper the role of the S-S bridge formation in protein folding of wild-type human Ngb. We used the SCP/E water model and the most recent Gromos96 54a7 force field. Furthermore, the newest PDB entry 4MPM has been used to create input coordinates and topology for gromacs program. The results are obtained with the highly performing MD simulation for a long period of 240 ns at 300 K. We compared the structural changes in wild-type human neuroglobin with and without the disulfide bridge.
In the case of Ngb without the S-S bridge, Cys46 and Cys55 residues in the C and D helices drift apart from each other. Additionally, the residues in these helices have a greatly high mobility. On the other hand, the removal of S-S bond results in reducing distance between His96 residue and heme group, and in increasing distance between pair of His64/heme simultaneously. Therefore, the histidine His64 is far away from the heme group, it may easily leave and empty space for binding functional ligand.
We showed that the structures of Ngb are very stable after 100 ns simulation no matter there is a presence of S-S bond or not. So, we should perform the simulations long enough for high accurate analyzes. The simulation results which were presented here can also serve as a validation of new PDB entry (4MPM). 
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